~" In order to examine nerve regeneration under conditions in which the basal laminae of the glial limiting membranes (GLM) and blood vessels were preserved intact, the intraorbital segment of adult rat optic nerve was frozen locally. During the next 3 months, degenerative and regenerative changes in axons and glial cells were observed by light and electron microscopy. On the day after treatment, all the myelinated and unmyelinated axons in the central zone of the lesion were damaged. The astrocyte endfeet of the GLM as well as the blood vessels were extensively disrupted, while their basal laminae were preserved apparently intact as a continuous sheet. Three days after treatment, regenerating axons appeared in the central zone of the lesion. They contained various numbers of clear and dense-cored vesicles as well as some smooth endoplasmic reticulum. The regenerating axons gradually increased in number, especially beneath the pial and perivascular surfaces of the lesion, where an abundance of regenerating axons was found 3 months after treatment. A few of these axons were abnormally remyelinated by oligodendrocytes.
I
X has been recognized that injured optic nerves of adult mammals exhibit only transitory regenerative responses? "22"24 Ramon y Cajal, 22 using mammalian optic nerves, showed that damaged axons were capable of sprouting 3 to 4 days after injury, but that most of these sprouts disappeared after 20 to 30 days due to degeneration and resorption. Recent studies, however, have demonstrated that retinal ganglion cells of laboratory mammals can survive for a longer period after optic nerve injury. 9A9 In addition, graft experiments have revealed that optic nerves or retinal ganglion cells can extend regenerative axons for a considerable dislance through grafted peripheral nerve segments. 27 '28 These studies indicate that, once their axons are injured, retinal ganglion cells of mature mammals have an intrinsic capacity to produce axonal sprouts, and that local conditions at the injured site might be critical for axonal regeneration. Environmental or extrinsic factors such as local ischemia, invasion of connective tissue cells, and glial cell proliferation have generally been cited as responsible for the abortive axonal regeneration in the mammalian central nervous system (CNS), including the optic nerves. ~ 1,16,17,22.23 Transection of the optic nerve can induce local ischemia, which leads to necrosis of glial cells and retrograde degeneration of the proximal stumps of axons. 9 '2Z24 In addition, the disruption of the glial limiting membrane (GLM) allows surrounding connective tissue to invade the optic nerve compartment. 9 It is expected that, if the ischemic changes could be minimized and the GLM preserved intact, the regeneration of optic nerves through the lesion could be considerably improved. In order to examine this possibility, a local injury to the rat optic nerve was induced by cold injury, which did not damage the basal lamina of the GLM. Successive regenerative changes were then observed in the axons and glial cells in the lesion.
In the present study, a moderate number of regen-erating axons appeared in the lesion in the early stages and continued to survive at least 3 months after injury. Early reactive and subsequent regenerative changes in astrocytes and oligodendrocytes were also seen. Besides these intraoptic regenerating axons, bundles of fine axons accompanied by astrocytes grew out from the optic nerve into the pial connective tissue. As far as we know, this kind of massive optic nerve regeneration through the extra-CNS compartment has never before been reported. Based on the findings of axonal growth in both intra-and extraoptic nerve compartments, the significance of the local environment in optic nerve regeneration is considered.
Materials and Methods
Forty-nine adult male Wistar rats, each weighing between 160 and 350 gm, were used in this study. Anesthesia was induced by inhalation of ether and maintained by halothane administration. The left intraorbital segment of the optic nerve was exposed under a dissecting microscope and was locally frozen several times with the cryoprobe of an Alcon cryo-ophthalmic unit.* The cryoprobe was lightly applied to the sheath of the optic nerve and was cooled by infusion of liquid CO2 below -40~ for a few seconds; it was then allowed to thaw spontaneously by ceasing the infusion. This cold injury was repeated several times to ensure damage to the tissue. After treatment, the wound was sutured and the animals were allowed to survive for varying periods of time.
At 1, 3, or 5 days, or 1, 2, 3, 4, 8, or 12 weeks after cold injury the animals were killed by intracardiac perfusion with a fixative containing 2.0% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4). The left eyeball was removed together with the attached optic nerve. A 3-mm segment of the optic nerve including the injured site was excised and serial 200-#m sections were cut from it. The sections were postfixed with 1.0% osmium tetroxide solution in the same buffer, dehydrated through a graded series of ethanol, and embedded flat in Epon 812 sandwiched by silicon-coated slides and cover glasses. The site of injury was clearly identified by light microscopy as a less dense area in each section. Ultra-thin sections were cut with a diamond knife, double-stained with lead citrate and uranyl acetate, and observed with Hitachi H700, H600, and JEM 100B electron microscopes. Semi-thin sections were cut with glass knives and stained with toluidine blue for light microscopy.
To examine the density of retinal ganglion cells, the retina of the eye of the injured side (left side) was mounted flat on a slide glass and stained with cresyl violet for light microscopy. The retina from the fight eye was similarly prepared as a control.
*Alcon cryo-ophthalmic unit manufactured by Dynatech Laboratories, Inc., Chantilly, Virginia.
Results
The normal rat optic nerve consisted mainly of myelinated fibers with axons approximately 0.3 to 3.0 um in diameter. Unmyelinated axons were found only occasionally. Since no dense undercoating was found on the axolemma, these unmyelinated axons could be distinguished from the cross-sectional profile of the node of Ranvier of myelinated fibers. Astrocytes extended their cytoplasmic processes, incompletely separating the optic nerve into smaller subcompartments. Oligodendrocytes were usually found within or on the border of these subcompartments, The central retinal artery entered the optic nerve just behind the eyeball. Posteriorly, no large vessels were present within the optic nerve, the main blood supply being from the meningeal surface. Such vessels from the surface were usually accompanied by meningeal cells of the pia mater.
The lesion made by cold injury could be identified by the naked eye as a less osmiophilic site approximately 1 mm from the eyeball. On histological examination, the lesion extended approximately 1 mm to the distal side and occupied one-to two-thirds of the crosssectional diameter of the optic nerve. There was no sign of ischemic necrosis in the lesion, and no decrease in the number of ganglion cells in the retina was discernible at any of the experimental periods.
Day After Cold Injury
On light microscopy, the affected area was easily identified on the day after injury as a pale region in which the arrangement of myelinated fibers was disordered and the number of glial cells had decreased. It appeared that the population of vessels did not decrease very much within the lesion. Erythrocytes were sometimes accumulated within blood vessels as in hemostasis, but no hemorrhages were seen in the lesion.
Electron microscopy revealed no intact fibers within the lesion, either myelinated or unmyelinated. Myelin sheaths were split into irregular lamellae and were partially fragmented or vesiculated. Axons were shrunken and disrupted, and some had already disappeared, leaving behind empty myelin sheaths. On the other hand, many intact myelinated and unmyelinated fibers were mixed with degenerating fibers in the marginal zone bordering the intact tissue. In this zone, some myelinated fibers exhibited demyelination (that is, the myelin sheath lamellae were disorganized while the axons appeared to be preserved intact). In addition, some unmyelinated axons were swollen, containing many mitochondria, clear and dense-cored vesicles, and osmiophilic dense bodies. These enlarged axons were probably reactive to the injury at the proximal stumps of severed fibers.
Small macrophages appeared in the lesion and began phagocytosing myelin sheath debris. Astrocytes were occasionally found and contained many lipid droplets and myelin sheath debris in the cytoplasm. Astrocyte endfeet at the GLM were extensively disrupted, while basal laminae were preserved almost intact as a continuous sheet. No oligodendrocytes were observed in the lesion, but some were evident in the marginal zone bordering the intact tissue. Endothelial cells of blood vessels in the lesion were also affected: many of them were disrupted, while some survived but exhibited an unusual appearance (for example, large lipid droplets were seen in the cytoplasm). The basal laminae of endothelium were well preserved. The erythrocytes or plasma fluid in some blood vessels were not washed out by the perfused fixative, indicating some circulatory disturbances in the lesion.
to 5 Days After Cold Injury
By 3 to 5 days, myelin sheaths had further degenerated and myelin debris was actively phagocytosed by macrophages in the central zone of the lesion. A striking feature at this stage was the appearance of some unmyelinated axons within the lesion (Fig. I A) . These axons, measuring about 1 to 3 um in diameter, usually contained a variable number of small clear and large dense-cored vesicles and smooth endoplasmic reticulum (ER) as well as mitochondria, features indicating regenerative changes of axons in the lesion. Such regenerating axons increased in number toward the marginal zone and they were usually in close contact with astrocyte processes (Fig. 1B) . Osmiophilic dense bodies presumed to be lysosomal debris were also found in some axons.
Astrocytes in the lesion extended long processes in various directions. These processes contained a large amount of intermediate glial filaments and some microtubules. The astrocyte endfeet at the GLM had almost completely regenerated at this stage, forming a continuous cellular sheet abutting on the basal lamina. Oligodendrocytes were not observed in the central zone of the lesion. Demyelination as seen in the previous stage in the marginal zone had advanced (that is, the myelin sheaths had degenerated into vesicular debris while the axons appeared intact (Fig. 1B) . Profiles of blood vessels were distributed throughout the lesion. They had normal endothelial cells with empty lumina, indicating that normal blood circulation was being maintained in the lesion.
to 2 Weeks After Cold lnjury
There was a remarkable increase in the cell population in the lesion at the 1-to 2-week stage, consisting mainly of astrocytes containing clear large nuclei as seen by light microscopy. Macrophages were identified as cells containing myelin debris. On electron microscopy, astrocytes extended numerous cell processes of different sizes in various directions. Only a small amount of myelin-sheath debris remained in the lesion.
The principal finding was that many regenerating axons were found in the lesion, especially near the pial surface ( Fig. 2A) . They contained clear and dense-cored vesicles, smooth ER, and a few mitochondria and electron-lucent cytoplasm; there were few microtubules and neurofilaments in the axoplasm. These regenerating axons were enclosed by astrocyte processes, and some oligodendrocytes could be identified in the central zone of the lesion at this stage.
In the marginal zone, demyelinated axons exhibited a normal appearance, containing well-organized microtubules and neurofilaments in the cytoplasm. Thus, they could be distinguished from regenerating axons that contained many organelles such as vesicles and smooth ER (Fig. 2B) . Thin cell processes characterized by the presence of microtubules were scattered individually or sometimes in bundles between astrocyte processes mainly in the marginal zone (Fig. 2B ). These characteristic cell processes were those of oligodendrocytes. Demyelinated axons in the marginal zone were almost always in contact with these oligodendrocyte processes. It is noteworthy that plasma membranes of some of these oligodendrocyte processes showed a tendency to fusion (the initial sign of myelin sheath formation on the axon (Fig. 2B) ). Toward the end of this stage, thin myelin sheaths were formed on some axons in this zone (Fig. 2C) . Their inner loops were voluminous and in places bulged out, forming bumps, thus rendering the myelin sheath irregular in contour. Along with the myelin sheath formation, thin oligodendrocyte processes tended to decrease in number in the marginal zone.
to 4 Weeks After Cold Injury
The lesion was filled with astrocyte processes at 3 to 4 weeks postinjury. Myelin sheath debris was only sparsely scattered, and macrophages containing lipid droplets as well as myelin sheath debris were assembled in large groups near the pial surface or perivascular spaces (Fig. 3A) . Parts of astrocyte processes forming the GLM protruded into the pial connective tissue spaces, giving to the surface of the optic nerve an intricate and irregular contour, like a fern leaf in appearance. These protrusions of astrocyte processes were especially prominent in the areas adjacent to blood vessels.
The regenerating axons, about 0.3 to 1 ~m in diameter and containing various numbers of clear and densecored vesicles, were located between astrocyte processes in the affected area. Such thin regenerating axons were mainly found in the area near the pial surface and perivascular areas. In addition, several oligodendrocyte cell bodies were found in the central as well as in the marginal zone, and some of them were surrounded by redundant ectopic myelin sheaths.
A remarkable finding was that some thin naked axons grew out through the basal lamina of the GLM into the connective tissue compartment from the protrusions of astrocyte processes (Fig. 3B) . Such axons were only partially covered by astrocyte processes or by processes of pial or arachnoidal non-neuronal cells. No Schwann cells were associated with these regenerating axons in the connective tissue.
Toward the end of this stage, astrocyte processes at the GLM further elongated into the pial space, giving rise to a more complicated fern-leaf configuration of the optic nerve surface (Fig. 4A) . Fine unmyelinated axons growing in the connective tissue compartment significantly increased in number, forming large bundles (Fig. 4B) . In most cases they were naked or only partially attached to astrocyte processes. It was confirmed in serial sections that these bundles of naked axons grew out of the optic nerve and extended for a limited length (less than 20 um) at this stage, and that they were completely naked without any cellular coveting at their growing tips. These regenerating axons in the extra-CNS compartment contained an abundance of clear vesicles and dense-cored vesicles, and grew mainly along the perivascular spaces of the pial connective tissue.
FIG. 2. Electron micrographs obtained 1 week (A and B) and 2 weeks (C) after cold injury. A:
Section taken from the lesion near the pial surface. Many regenerating axons (A) which contain various numbers of clear and dense-cored vesicles, smooth endoplasmic reticulum, and mitochondria in the electron-lucent cytoplasm are running through the spaces between astrocyte processes (As). B: Section taken from the marginal zone (that is, the border zone between the lesion and the unaffected intact area). Many unmyelinated axons (A) exhibit well-organized microtubules and neurofilaments in the cytoplasm, indicating that these axons were merely demyelinated fibers. Thin cellular processes of oligodendrocytes (arrows) which contain microtubules in the dark cytoplasm are seen between astrocyte processes. Some of these oligodendrocyte processes show initial signs of myelin sheath formation of axons (arrowheads). C: Section obtained from the marginal zone at 2 weeks. Thin myelin sheaths are formed on two axons. Their inner tongues (arrows) are voluminous and bulge out in places, rendering the myelin sheath irregular in contour.
to 12 Weeks After Cold Injury
The lesion was densely occupied by well-developed astrocyte processes at 8 to 12 weeks after injury. A few macrophages were still found near blood vessels or beneath the pial surface o f the lesion. Astrocvte processes forming protrusions like fern leaves were further developed and became voluminous, extending both proximally and distally along blood vessels. Astrocyte cell bodies later appeared in such protrusions (Fig. 5) .
The population of small regenerating axons was al- to 1.0 um in diameter) were found in the pial connective tissue space in bundles which were partially covered by astrocyte processes (Fig. 6A) . Serial sections showed that these thin axons and accompanying astrocyte processes grew out of the optic nerve at the lesion and extended both proximally and distally for approximately 1.5 m m in length (Fig. 5) . It is remarkable that numerous regenerating axons extended in bundles as much as 1.5 m m in the connective tissue compartment and that these axons totally lacked astrocyte coverings at the growing tips (Fig. 7) . Bundles of axons apart from the growing tips were only partially covered by non-neuronal cell processes derived from pial or arachnoidal origin (Fig. 6B) . N o Schwann cells were associated with these regenerating axons, suggesting that these axons were not derived from peripheral nerves.
Discussion
The present study documented the degenerative and regenerative changes in axons as well as gial cells of the FIG. 7. Electron micrograph of a thin section taken from one of the serial thick sections prepared for light microscopy (Fig. 5 ). This section shows regenerating axons (A) at or near their growing tips. These axons are not covered by basal laminae and are only partially in contact with pial non-neuronal cell process (P). Most of these axons contain clear vesicles of various sizes. V = blood vessel. rat optic nerve injured by focal freezing. It demonstrated that regeneration of optic nerve axons can occur in the lesion and that, most interestingly, massive regenerating axons accompanied by astrocyte processes grew out, usually along blood vessels, into the surrounding pial connective tissue.
With the cryoprobe application, all the axons in the central zone of the affected area were damaged, while basal laminae of the GLM as well as blood vessels were preserved. Neither ischemic necrosis nor invasion of connective tissue cells was observed in the lesion, indicating that the freezing could interrupt optic nerve axons without severely destroying the supply of nutrients as well as the basic CNS environment.
Previous studies have demonstrated that the proximal stumps of transected optic nerve exhibit only transitory regenerative responses and that the regenerating axons eventually disappear 1 month postsurgery. 5 ' 22' 24 Contrary to these previous studies, axonal regeneration in the present study was conspicuous: a moderate number of axons did grow through the lesion in the early stages and continued to survive for at least 3 months. It is suggested, therefore, that the outgrowth of optic nerve axons can be promoted if: 1) the continuity of the tissue at the lesion, including the vasculature and GLM, is preserved; and 2) the lesion can be repaired by glial cells without invasion of connective tissue cells. Similar findings have been reported in experiments on the spinal cord of rats with cold or crush injury. 6'vl~ The most remarkable unexpected finding was the substantial extension of numerous regenerating axons into the pial connective tissue spaces. It should be noted that these extraoptic regenerating axons were accompanied not by Schwann cells but by astrocyte processes. This shows that regenerating axons are not perivascular peripheral nerves but originate from the optic nerve as is demonstrated in serial sections. It is also notable that these extra-CNS regenerating axons grew along blood vessels and lacked astrocytic investments at the growing tips. These findings indicate that regenerating axons prefer the environment adjacent to blood vessels and that they first grow out as naked axons which are then followed by the extension of astrocyte processes. It can be assumed that the connective tissue in the vicinity of blood vessels is well oxygenated and contains rich nutrients, providing regenerating axons with an environment preferable for their outgrowth.
The fact that CNS axons grew for a long distance in the connective tissue compartment is not compatible with the nerve regeneration mechanisms generally recognized for CNS and peripheral nerves. It has been proposed that astrocytes play an important role in supporting regenerating axons by providing trophic factors 21 and/or serving as scaffolds in the C N S . 8'2~ In peripheral nerves, basal laminae of Schwann cells and muscle cells serve as scaffolds for regenerating axons.X3"4 Several environmental factors have been proposed as facilitating axonal regeneration in the culture of CNS neurons of mammalian embryos, including collagen, laminin, and Schwann cell-generated extracellular matrix (including basal lamina). 4 From the fact that regenerating axons grew out through the GLM into the pial connective tissue space, we assume that some substances beneficial to regenerating axons might exist within the perivascular connective tissue of the pia mater of the optic nerve.
It is very likely that axons are not guided by astrocyte processes because they grew first as naked axons into the connective tissue and later were accompanied by astrocyte processes near the site of the lesion. This phenomenon is the same as that in peripheral nerve regeneration: axons elongate through basal laminae tubes, and they are later invested by accompanying immature Schwann cells. 12,14 The mechanism by which regenerating axons penetrate the basal laminae of the GLM is not known. Presumably, regenerating axons located near the pial surface can grow out by penetrating the part of the astrocyte endfeet with irregular (fernleaf) contour and extending into the richly nourished perivascular connective tissue. In this sense, the densely packed astrocyte processes do not always function as a barrier to the growth of regenerating axons.
The normal optic nerve contains axons of various sizes. However, regenerating axons observed in the present study were usually thin, measuring about 0.2 to 1.0 um in diameter. Richardson, et al., 24 in experiments involving the transection of the rat optic nerve, reported similar findings, which they considered might be due to axonal atrophy, axonal sprouting, or selective loss of large axons. Studies of retrograde degeneration of rat and mouse optic nerve have shown that retinal ganglion cells become atrophic after axotomy 9'19 and that, of the three distinct kinds of ganglion cells, the two smallest types can survive axotomy-induced degenerative cellular changes. 1-3 We suspect that the decrease in diameter of regenerated optic axons may be related to some extent to the nature of retinal ganglion cells: smaller ganglion cells may be able to give rise to regenerating sprouts while others cannot.
It has been reported that few centrifugal fibers are present in the normal optic nerve. 15 In the present study, it could not be determined whether regenerating axons were derived from such centrifugal fibers or from centripetal fibers (from retinal ganglion cells). However, the fact that there were no naked axons in the distal part of the lesion indicates that the former possibility (the outgrowth of centrifugal axons) is less likely.
Remyelination of regenerated or demyelinated CNS axons by oligodendrocyts has been reported in several pathological conditions. 6']8 In the present study, most of the demyelinated axons in the marginal zone of the lesion (that is, the zone bordering the intact area) were remyelinated by oligodendrocytes. Similarly, a few regenerated axons in the central zone were remyelinated by oligodendrocytes, although abnormally. However, most of the regenerated axons remained unmyelinated during the periods studied. There were many oligodendrocyte processes between astrocyte processes, some of which were closely attached to the surface of axons. Nevertheless, myelin sheath formation occurred only occasionally, probably because the regenerating axons were less than 1 um in diameter. Considering that there are many thin myelinated axons of less than 1 #m in the normal optic nerve, however, most of these unmyelinated regenerating axons might still have been im-mature and not yet myelinated by oligodendrocytes, or were originally derived from unmyelinated fibers. Myelination of axons by Schwann cells has been reported in the experimentally injured spinal cord. 6'26 In the present study, such remyelination of Schwann cells did not occur, probably because there were no Schwann cell sources near the lesion.
